Abstract. This paper presents a developed process for fabrication of hollow silicon microneedle arrays. The inner hollow hole and the fluidic reservoir are fabricated in deep reactive ion etching. The profile of outside needles is achieved by the developed fabrication process, which combined isotropic etching and anisotropic etching with inductively coupled plasma (ICP) etcher. Using the combination of SF 6 /O 2 isotropic etching chemistry and Bosch process, the high aspect ratio 3D and high density microneedle arrays are fabricated. The generated needle external geometry can be controlled by etching variables in the isotropic and anisotropic cases.
Introduction
Application of microfabrication technologies, which were initially developed in IC industry, in biomedical area has attracted the attention of the scientific community during the last decade. The applications to diagnostics, such as biosensors, occupied related high proportion. More recently, there have been more applications of microfabrication technology to therapeutics, for example, the controlled release microchips and microneedles. A variety of technologies have been developed for fabrication of microneedles, which are typically used for drug and gene delivery. Many of fabricated solid needles in the references articles are applied for transdermal drug delivery with increasing skin permeability through creation of pathways in the skin [1] [2] [3] [4] . Certain drugs such as drugs in anti restenosis and anti-tumor therapies can not be absorbed efficiently in transdermal delivery. Microneedles with lumen and reservoir were further developed for local delivery with precise dose in controlled release to overcome the over dosage problem and decrease side-effects in drugs. The fabricated microneedles for local delivery can generally be categorized into in-plane and out-of plane microneedles. In-plane microneedles have been fabricated by thin-film deposition [5] [6] , diffusion of P+ etching stop layer [7] or micromolding [8] [9] . In-plane needles with long straight shaft are quite fragile, especially those structures formed in thin-film deposition. In addition, In-plane needles have a wall thickness limitation and low density because of 2-D plane design and fabrication methods.
Compared to in-plane microneedles, out-of-plane microneedles have more robust structural design in wall thickness and density. The Out-of-plane microneedles have erect structures generated by metal deposition, inclined LIGA process and a variety of silicon etching technologies. Using the metal deposition technology, a taped hollow metallic microneedle array has been fabricated with SU-8 needles mold using backside exposure [10] . An inclined LIGA process has been developed to fabricate microneedle arrays using PMMA [11] . The fabrication processes for the metal and PMMA microneedles are complicated due to the limitation of micromachining methods in metal and polymer. Since the microfabrication technology was initially developed based on silicon substrate, silicon microneedles dominated the filed of out-of-plane microneedles. Gardeniers et al fabricated out-ofplane hollow microneedles with inclined structure, which is defined by the slowest anisotropic etching of (111) plane in KOH wet etching [12] . With the development of dry etching technology in silicon, Stoeber et al used dots arrays as a mask to fabricate hollow needles, where lumen was formed in deep reactive ion etching (DRIE) and outside profile of needle was generated by isotropic wet&dry etching of silicon [13] . Using the advanced inductively coupled plasma (ICP) etching technology, Griss et al developed side-opened microneedles, where outside shape of needle was fabricated by anisotropic and isotropic dry etching process with mask of cross pattern and inner channel was defined by deep reactive ion etching at backside of silicon substrate [14] .
In this study, we present a fabrication procedure, in which isotropic etching in inductive coupled plasma (ICP) etcher and deep reactive ion etching (DRIE) are combined to achieve arrays of microneedle structure. The isotropic etching process with SF 6 /O 2 gases in high density plasma etching is conducted in silicon etching to form the structure of needle tips. With the developed process, hollow microneedle arrays with high density and relatively minor base dimension was achieved. The fabricated microneedles with lumen and reservoir can be applied for drug delivery and microbiological fluid extraction.
Experimental procedures
The overall hollow needle fabrication process is shown in Figure 1 . Four-inch p-type double-side polished silicon wafers with 450 m thickness and (100) orientation were used in this study. The fabrication procedure for the hollow needle array is illustrated in Figure 1 (a) -(h) . Isotropically silicon etching was conducted using SF 6 /O 2 gases in the STS inductively coupled plasma (ICP) etch tool with a photoresist mask patterned in standard photolithography process (Figure 1 (a) ). A silicon oxide layer with thickness of 2 m was thermally grown on the wafers (Figure 1(b) ) in a thermal oxidation furnace at 1050 o C after the removal of photoresist from the isotropic etching structure. In followed photolithography process, a photoresist layer (AZ9260 1500 rmp) was coated onto the structural surface; and arrays of dots were patterned aligning to the former isotropiclly etched structure. The patterned photoresist layer was used as a sacrifice layer to pattern the silicon oxide layer which was etched away in RIE with CF 4 /O 2 gases. Oxide layer onto the backside of wafer was patterned with the exposed squares area in standard photolithography with alignment to the topside array of dots. (Figure 1 (c) . Subsequently, another photolithography process was carried out to define inner holes beginning at the coating of thick photoresist (AZ 9260 1000 rmp). Both the photoresist and silicon oxide layers were patterned in this photolithography process (Figure 1 (d) ). With the photoresist and silicon oxide masks, the deep reactive ion etching (DRIE) was carried out to etch lumen in silicon substrate using BOSCH process (Figure 1 (e) ). The photoresist mask was removed when the depth of lumen reached ~300 m. Therefore, the outside shape and lumen were etching simultaneity with the only oxide mask in the continued DRIE process, resulting in the fabricated hollow needle arrays (Figure 1 (f) ). Lastly, the reservoir was etched using the BOSCH process with a blank wafer glued onto the side of fabricated needle as a support substrate in the STS machine ( Figure  1 (g) ). After removing the residual of silicon oxide in HF, the fabricated hollow needle array with reservoir was finally achieved (Figure 1 (h) ). Figure 1 . A schematic of fabrication process used in making the hollow microneedle array. The process consists of (a) isotropic etching of outside shape for needle tips by STS ICP equipment with mask patterned in photolithography (b) thermal growth of a silicon oxide layer after removal of photoresist mask (c) patterning of both top silicon oxide layer in outside shape of needle and back oxide layer in reservoir (d) coating of a photoresist and pattering of the inner channel on the photoresist and oxide layer (e) lumen etching by DRIE (f) outside shape of needle and lumen etching by DRIE after removal of photoresist (g) backside reservoir etching by DRIE (h) removal the oxide layer resulting in the fabricated hollow needle array.
Results and discussion
By the combination isotropic etching and anisotropic etching in the STS inductively coupled plasma (ICP) etching tool, microneedles with high aspect ratio can be fabricated, as shown in Figure 2 . The shape of the needle tips was generated using isotropic etching with SF 6 /O 2 gases excluding the passivation step in STS multiplex etcher. The BOSCH process was used to fabricate the erratic structure of needles. For a mask size of 80µm in diameter, ~300 µm tall needle arrays were achieved with the combination process. With the developed process presented above, 20 by 20 microneedle array with a lumen diameter of 30 µm and height of ~250 µm with center-to-center distance of 150 µm was fabricated, as presented in figure 3 . The axis of lumen is designed with a distance of 10 µm to the axis of outside column, resulting in asymmetric structures of one side of tip part with thickness of ~5 µm. (Figure 3 (b) ) As shown in Figure 3 (c) , the step of isotropic etching is ~ 15µm. The depth of under etching directly influence on the radius of tip. Sharp tips could be obtained by more lateral and vertical etching. However, photoresist can not be coated onto deep etched surface. One solution is using a mask of dots with smaller diameter in the first isotropic etching (Figure 2 (a) ). The characterization of dimension of pattern size will be investigated in future work. 
Conclusions
A new microfabrication process is described to make hollow needle array with high-aspect-ratio structure using DRIE, SF 6 /O 2 isotropic etching and a series of photolithography processes. With this developed process, arrays of 250 µm long with lumen of 30 µm in diameter at center-to-center distance of 150 µm were fabricated. The isotrpically etched part of tip would provide less insertion force in operation. To fabricated microneedle array with sharper tips, the fabrication process will be further improved by characterization of dimension of mask and isotropic etching parameters. Further analysis of fracture will be built up base on cantilever model.
